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Phase diagrams of the systems CaO—TiO2 and CaO—TiO2—SiO2 were calculated using thermo-
dynamic model of silicate melts. The calculated phase diagrams fit the experimentally determined
ones well, assuming that the present TiO2 behaves as network-forming oxide in the prevailing
concentration region of the ternary system. For the better fit in the CaO-, TiO2-, and SiO2-rich
concentration regions, the activities of these components were set to be equal to their mole fraction.
This means that in the prevailing concentration region of the ternary system TiO2 participates in
the formation of the polyanionic network.

It is generally known that SiO2 is the main
network-forming oxide in the structure of silicate
melts. The basic building unit of the silicate melts is
the tetrahedron SiO4, where the central silicium atom
is bound to four oxygen atoms by covalent bonds. In
the melt of pure silicium oxide the SiO4 tetrahedrons
are linked together into a three-dimensional space net-
work using the bridging oxygen —O— atoms. Beside
SiO2, other oxides, like e.g. GeO2, B2O3, Al2O3, etc.
may participate in the formation of the polyanionic
network. Under certain circumstances also TiO2 can
contribute to the formation of the tetrahedral net-
work.
Oxides of alkali and earth alkali metals belong to

the so-called modifiers of the polyanionic network. In
molten state they contain free cations (e.g. Ca2+) and
free anions O2−. When adding an alkali or earth al-
kali metal oxide, e.g. CaO, to SiO2, each oxide anion
breaks one of the Si—O—Si bonds under formation of
two nonbridging —O− oxygen atoms according to the
general scheme

(Si—O—Si) + O2− = 2(Si—O−) (1)

Depending on the total composition of the system,
the oxygen atoms may play various roles in the sil-
icate melts: Present as free oxygen anions O2− they
are bound by two ionic bonds to the present alkali or
earth alkali cations. In the role of nonbridging oxygen
atoms —O− they are bound by one covalent bond to
the central atom of the SiO4 tetrahedron and by one
ionic bond to the present alkali or earth alkali metal
cation. And finally, as bridging oxygen atoms —O—
they are binding two neighbouring SiO4 tetrahedrons

by Si—O—Si covalent bonds. From the above it fol-
lows that with respect to their bonding nature, oxygen
atoms are not equivalent, i.e. their chemical potentials
are not equal.
In melts of the ternary system CaO—TiO2—SiO2

silicium oxide acts always as the network-forming ox-
ide and calcium oxide acts always as the modifier of
the polyanionic network. As it was already mentioned
above, TiO2 can act as the modifier or it can play the
role of the network-forming oxide. Depending on the
behaviour of TiO2 in the melt the structure and thus
also the activities of the present components of the
melt change.
The structural role of Ti4+ in titanium silicate

melts is a complex function of several variables,
namely TiO2 and SiO2 concentration, type and con-
tent of modifying cations, and temperature [1, 2].
Despite of number of investigations a consensus has
not been reached regarding coordination states of Ti
atoms and their influence on the structure of the sil-
icate melts. The results obtained by various methods
are often contradictory [3, 4].
The presence of TiO2 in silicate liquids has a pro-

found influence on the heat capacity of simple three-
component silicate liquids over the temperature range
900—1300 K [2]. Richet and Bottinga [5] observed that
the heat capacity of alkali-titanium silicate melts dis-
plays complex negative temperature dependence. The
replacement of Si4+ by Ti4+ leads to doubling of the
magnitude of the jump in Cp at the glass transition.
This is followed by a progressive decrease in liquid Cp

for over 400 K until Cp eventually becomes constant
and similar to that in Ti-free systems. The large Cp

step at Tg in the TiO2-bearing melts suggests signifi-
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cant configurational rearrangements in the liquid that
are not available in TiO2-free silicates. These config-
urational changes apparently saturate as temperature
increases. Above 1400 K, however, where the heat ca-
pacities of TiO2-bearing and TiO2-free alkali silicate
liquids are similar, their configurational entropies dif-
fer by about 3.5 J mol−1 K−1. This is energetically
equivalent to raising the temperature of liquid by more
than 300 K. This demonstrates the energetic magni-
tude of the configurational changes apparent in the
supercooled liquid region and their impact on the ther-
modynamic properties of the stable liquid [2].
The calculation of phase diagrams of the CaO—

TiO2—SiO2 system on the basis of available experi-
mental data has been the goal of several studies. Vari-
ous types of models for the thermodynamic properties
of the liquid phase have been used. In [6] the critical
evaluation and optimization of the CaO—TiO2—SiO2
system phase diagram by the use of the thermody-
namic properties of the component oxides and of the
modified quasichemical model for the excess Gibbs en-
ergy of the liquid phase was presented. The general-
ization of an extrapolation formula of Kohler [7] for
the excess Gibbs energy of the liquid phase was found
to be suitable to describe the immiscibility gap in the
phase diagram of the CaO—TiO2—SiO2 system by
DeCapitani and Kirschen [8, 9].
In the present paper the structural behaviour of

TiO2 was evaluated by means of the theoretical cal-
culation of the phase diagrams of the CaO—TiO2 and
CaO—TiO2—SiO2 systems using the thermodynamic
model of the silicate melts [10, 11], taking into account
the participation of TiO2 in the polyanionic network.

THEORETICAL

Let us consider a mixture with the composition of
a mol CaO + b mol TiO2 + c mol SiO2. The amount
of all oxygen atoms in an arbitrary mixture is n(O) =
(a+2b+2c) mol and the amount of all present atoms
is
∑

ni,j = (2a+3b+3c) mol. Two different situations
can happen with respect to the total composition of
the mixture.
In the region of basic melts, i.e. at high CaO con-

tent, only free oxide anions O2− and nonbridging oxy-
gen atoms are present in the mixture. The total mate-
rial balance of the oxygen atoms is given by the equa-
tion

n(O) = n(O2−) + n(—O−) (2)

If only SiO2 participates in the formation of the
polyanionic network, the amount of Si—O bonds and
equally also the amount of nonbridging oxygen atoms
in the mixture is n(Si—O) = n(—O−) = 4c mol and
the amount of oxide anions is n(O2−) = (a+2b+2c−
4c) mol = (a+2b− 2c) mol. In the case, when also all
present TiO2 behaves as network-forming oxide, the

amount of Si—O and Ti—O bonds and equally also
the amount of nonbridging oxygen atoms in the mix-
ture is n(Si,Ti—O) = n(—O−) = (4b + 4c) mol and
the amount of oxide anions is n(O2−) = (a+2b+2c−
(4b+ 4c)) mol = (a − 2b − 2c) mol.
In the region of acidic melts, i.e. at medium and

high SiO2 content only nonbridging and bridging oxy-
gen atoms are present in the mixture and the total
material balance of oxygen atoms is given by the equa-
tion

n(O) = n(—O—) + n(—O−) (3)

Assuming that all present TiO2 behaves as the mod-
ifier of the polyanionic network, exclusively Si—O
bonds of the SiO4 tetrahedrons participate in its for-
mation. The amount of bridging oxygen atoms will
then be n(—O—) = (4c − (a + 2b + 2c)) mol =
(2c− a− 2b) mol and the amount of nonbridging oxy-
gen atoms will be n(—O−) = (a+2b+2c− (2c− a−
2b)) mol = (2a + 4b) mol. In the case, when all TiO2
is network-forming, the amount of Si—O and Ti—O
bonds in the SiO4 and TiO4 tetrahedrons will be
n(Si,Ti—O) = (4b+4c) mol. The amount of bridging
oxygen atoms equals to n(—O—) = (4b+4c−(a+2b+
2c)) mol = (2b+ 2c − a) mol and the amount of non-
bridging oxygen atoms equals to n(—O−) = 2a mol.
According to the considered model [10, 11] the ac-

tivity of i-th component in the mixture is given by the
expression

ai =
k∏

j=1

(
yj

yoi,j

){noi,j}
(4)

where yoi,j and yj are the mole fractions of j-th atoms

(Ca2+ , Ti4+ , Si4+ , O2− , —O−, —O—) in the pure i-
th component and in the mixture, respectively, defined
by the relations

yoi,j =
noi,j∑

j

noi,j
yj =

∑
i

ni,jxi∑
i

xi

∑
j

ni,j
(5)

xi = a, b, c are the mole fractions of the basic compo-
nents of the system (CaO, TiO2, SiO2), noi,j and ni,j

are the amounts of the j-th atoms in the individual
pure phases and in the mixture, respectively.
In the phase diagram of the system CaO—TiO2—

SiO2 the following phases are present: CaO, TiO2,
SiO2, Ca3SiO5, Ca2SiO4, Ca3Si2O7, CaSiO3, CaTiO3,
Ca3Ti2O7, and CaTiSiO5. With respect to the very
narrow regions of the primary crystallization of
Ca3SiO5 and Ca3Si2O7, their presence was not taken
into account in the calculation. In the following para-
graphs the relations for the activity of phases, consid-
ered to be present in the melts of the CaO—TiO2—
SiO2 system, are given under application of eqns (4)
and (5) according to the thermodynamic model as-
suming the network-forming character of TiO2.
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a) CaO

Only cations Ca2+ and anions O2− are present
in the formula unit of CaO (C). Assuming that the
present TiO2 behaves as the network-forming oxide,
for the activity of CaO we obtain the expression

a(C) =

(
a

0.5
∑

ni,j

)(
a − 2b − 2c
0.5
∑

ni,j

)
(6)

If the amount of oxide anions attains zero, the activity
of CaO will be zeroing as well.

b) Ca2SiO4

In the formula unit of Ca2SiO4 (C2S), dicalcium
silicate, all the present oxygen atoms are nonbridging
ones. In the case, when all the present TiO2 in an
arbitrary mixture behaves as network-forming oxide,
the activity of Ca2SiO4 in the basic composition region
is given by the equation

a(C2S) =

(
a

0.286
∑

ni,j

)2 (
c

0.143
∑

ni,j

)
·

·
(
4b+ 4c

0.571
∑

ni,j

)4 (7a)

while in the acidic composition region the activity of
Ca2SiO4 was calculated according to the equation

a(C2S) =

(
a

0.286
∑

ni,j

)2(
c

0.143
∑

ni,j

)
·

·
(

2a
0.571

∑
ni,j

)4 (7b)

c) CaSiO3

In the formula unit of CaSiO3 (CS), wollastonite,
there is one bridging and two nonbridging oxygen
atoms. In the case, when all the present TiO2 behaves
as network-forming oxide, the activity of CaSiO3 is
given by the equation

a(CS) =

(
a

0.2
∑

ni,j

)(
c

0.2
∑

ni,j

)
·

·
(

2a
0.4
∑

ni,j

)2(2b+ 2c − a

0.2
∑

ni,j

) (8)

d) CaTiSiO5

When all the present TiO2 is network-forming,
three oxygen atoms in the pure CaTiSiO5 (CTS) will

be bridging and two oxygen atoms will be nonbridg-
ing ones. For the activity of CaTiSiO5 we then get the
equation

a(CTS) =

(
a

0.125
∑

ni,j

)(
b

0.125
∑

ni,j

)
·

·
(

c

0.125
∑

ni,j

)(
2a

0.25
∑

ni,j

)2
· (9)

·
(
2b+ 2c − a

0.375
∑

ni,j

)3

e) Ca3Ti2O7

In the case, when all the present TiO2 is network-
forming, in the formula unit of Ca3Ti2O7 (C3T2) there
are one bridging oxygen atom and six nonbridging
ones. For the activity of Ca3Ti2O7 we obtain the re-
lation

a(C3T2) =

(
a

0.25
∑

ni,j

)3(
b

0.167
∑

ni,j

)2
·

·
(

2a
0.5
∑

ni,j

)6( 2b+ 2c − a

0.083
∑

ni,j

) (10)

f ) CaTiO3

CaTiO3 (CT), perovskite, is a mixed oxide with
characteristic structure in solid state. In molten state,
however, the structure depends on the behaviour of
TiO2. When this oxide behaves as a network-forming
one, the situation is similar like in the wollastonite, i.e.
in the pure perovskite there is one bridging oxygen
atom and two nonbridging ones. For the activity of
CaTiO3 we get the expression

a(CT) =

(
a

0.2
∑

ni,j

)(
b

0.2
∑

ni,j

)
·

·
(

2a
0.4
∑

ni,j

)2(2b+ 2c − a

0.2
∑

ni,j

) (11)

g) TiO2

When TiO2 behaves as a network-forming oxide,
the situation is similar like in pure SiO2. For the ac-
tivity of TiO2 (T) we get the equation

a(T) =

(
b

0.333
∑

ni,j

)(
2b+ 2c − a

0.667
∑

ni,j

)2
(12)
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h) SiO2

In pure molten SiO2 (S) only bridging oxygen
atoms are present. For the activity of SiO2, when all
the present TiO2 in an arbitrary mixture of the sys-
tem CaO—TiO2—SiO2 behaves as network-forming,
we can derive the relation

a(S) =

(
c

0.333
∑

ni,j

)(
2b+ 2c− a

0.667
∑

ni,j

)2
(13)

COMPUTATIONAL PROCEDURE

In the calculation of the phase diagram of the
ternary system CaO—TiO2—SiO2 the main empha-
sis was laid to the behaviour of TiO2 and the co-
ordination of the Ti(IV) atoms. The phase diagram
was constructed on the basis of the thermodynamic
model of silicate melts. In the calculation of the tem-
peratures of the primary crystallization of individ-
ual phases the figurative points in the whole compo-
sition range x(TiO2) ∈ (0; 1) and x(SiO2) ∈ (0; 1)
with the step ∆xi = 0.05 were selected. On the basis
of the calculated temperatures of primary crystalliza-
tion the liquidus surface equations of individual phases
were calculated using the method of multiple linear re-
gression analysis. From these equations the isotherms
of primary crystallization for the chosen temperature
step of 100◦C were calculated. The boundary lines
were determined as cross-sections of two neighbour-
ing liquidus surfaces with equal temperature of pri-
mary crystallization. The coordinates of the eutectic
points were obtained as cross-sections of three bound-
ary lines.

The calculation of the liquidus temperature of indi-
vidual phases, Tliq(i), was performed using the simpli-
fied and modified LeChatelier—Shreder equation [12]

Tliq(i) =
∆fusH(i)Tfus(i)

∆fusH(i)− RTfus(i) ln a(i)
(14)

where Tfus(i) and ∆fusH(i) is the temperature and
enthalpy of fusion of the i-th phase, respectively, and
a(i) is its activity calculated according to the respec-
tive form of eqn (4). The first crystallizing phase at
the given composition was determined according to
the condition

Tpc(i) = max
i
(Tliq(i)) (15)

The needed thermodynamic data, i.e. the tempera-
tures and enthalpies of fusion of individual phases were
taken from the literature and are summarized in Ta-
ble 1. The experimentally determined phase diagrams
of the systems CaO—TiO2 and CaO—TiO2—SiO2
were taken from the work of De Vries et al. [13].

RESULTS AND DISCUSSION

a) System CaO—TiO2

The experimentally determined [13] and calculated
phase diagrams of the system CaO—TiO2 are shown
in Figs. 1 and 2, respectively. The activities of indi-
vidual phases, i.e. CaO, Ca3Ti2O7, CaTiO3, and TiO2
were calculated using eqns (6), (10), (11), and (12),
respectively.
As follows from the comparison of Figs. 1 and 2, the

agreement between the calculated and experimental

Fig. 1. Experimental phase diagram of the system CaO—TiO2 according to [13].

244 Chem. Pap. 56 (4)241—246 (2002)



MELTS OF CaO—TiO2—SiO2

Table 1. Temperatures and Enthalpies of Fusion of Pure Sub-
stances Used in the Calculation

Compound
Tfus

K

∆fusH

kJ mol−1
Ref.

CaO 2843 52.0 [14]
Ca2SiO4 2403 55.4 [14]
CaSiO3 1817 56.0 [14]
CaTiSiO5 1656 139.0 [15]
Ca3Ti2O7 ≈ 2070* 265.0** Estimated
CaTiO3 2243 127.3*** Estimated
TiO2 2103 66.9 [14]
SiO2 1986 9.6 [14]

*Tfus,hyp(Ca3Ti2O7) ≈ 2070 K, ∆fusS(atom) ≈ 10.7 J mol−1
K−1.
**∆fusH(Ca3Ti2O7) ≈ 12×∆fusS(atom)×Tfus,hyp(Ca3Ti2O7).
***∆fusH(CaTiO3) ≈ Tfus(CaTiO3) ×∆fusS(MgTiO3).

phase diagram is very good. With regard to the rela-
tively big difference between the temperature of fusion
of CaTiO3 and the adjacent eutectic temperatures the
temperature dependence of the enthalpy of fusion of
this compound has been taken into account introduc-
ing the heat capacity of fusion ∆fusCp(CaTiO3) = 250
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Fig. 2. Calculated phase diagram of the system CaO—TiO2.

J mol−1 K−1. Besides that, the liquidus curves of TiO2
and SiO2 were calculated under the assumption that
ai = xi. The total deviation between the calculated
and experimentally determined liquidus temperatures
is 64◦C.

Fig. 3. Experimental phase diagram of the system CaO—TiO2—SiO2 according to [13].
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Fig. 4. Calculated phase diagram of the system CaO—TiO2—
SiO2.

b) System CaO—TiO2—SiO2

The experimentally determined [13] and calculated
phase diagram of the system CaO—TiO2—SiO2 is
shown in Figs. 3 and 4, respectively. Some existing
phases in this ternary system, like the rankinite and
tricalcium silicate, were not included into the calcula-
tion because of lack of relevant thermodynamic data.
The activities of individual phases, i.e. CaO,

Ca2SiO4, CaSiO3, Ca3Ti2O7, CaTiO3, CaTiSiO5,
TiO2, and SiO2 were calculated using eqns (6) to (13).
Besides the above-mentioned approach in the calcula-
tion of the liquidus surfaces of phases present in the
CaO—TiO2 boundary, the liquidus surface of CaSiO3
was calculated under the assumption that there is the
region of solid solutions in CaSiO3 up to 30 mole % at
the temperature of 1350◦C. The activity of Ca2SiO4
in the basic region was calculated according to eqn
(7a), while in the acidic region the Ca2SiO4 activity
was calculated according to eqn (7b).
In the region of high content of SiO2 the calculation

of the phase equilibrium fails since the formation of
two liquids is not considered in the thermodynamic
model of silicate melts. This is also the reason for the
enlarged liquidus surface of CaTiSiO5 up to the high
content of silica.

CONCLUSION

From the comparison of the calculated and exper-
imental phase diagrams it follows that the thermody-
namic model of silicate melts is suitable for describing

the phase equilibrium also in titanium-bearing silicate
systems. The introduction of structural aspects into
the thermodynamic model provides deeper informa-
tion about the behaviour of individual components.
Some disagreements in the case of some calculated and
experimental phase diagrams are obviously caused by
either inadequate structural assumptions or unreliable
thermodynamic data. In our previous work [16], as
well as in the present paper it was shown that TiO2
behaves in the silicate melts as network-forming oxide,
except in the region of its high concentration, and in
highly basic melts.
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